
AIW1’RACT

The Jet l’repulsion IAoratory, under joint J3allistic  Missile and Defense organization
(13Ml10)/Air l~orcc and NASA/13m Atmospheric Infrared Sounder (AIRS) sponsorship, is
conducting extensive space cryocoolcr characterization to provide a reliable and accurate data
base on cryocoolcr  performance for usc by the space comnlunity.  As the number of cryocoolcrs
taken through the characterization program increases, it is possible to synthesize the test results
to allow performance trends and similarities and cliffemnccs  among the coolers to be observed.

One of the important characteristics of the space cryocoolcr is the cryocooler’s electromagnetic
compatibility y with the cooled  imaging detector, payload instruments, and host spacezraf(.
Quantification of the cryocoolcr radiated magnetic and electric field emissions and the conducted
power line emissions back onto the spacecraft power bus is cxtrcmcl y important. Data on these
attributes is required to determine the degree of shicl(iing or filtering required to insure that the
cryocoolcr  clcctromagne.tic  signat ure does not cause mal function or performance dcg,radat  ion 10
anything within the spacecraft.

‘1’his  paper presents typical EMI test results drawn from n~casuremcnts  made m a varict y of
representative space cryocoolers. ‘1’he data arc presented in comparison with various Ml I +HT)-
461 C requirements as a measure of the suitability of the coolers for application aboard scmitivc
spacccra~t.

lNrIRODUC’ TION

Mechanical cryocoolcrs  have long, been considered an enabling technology for multi-year space
missions requiring continuous cryogenic cooling of ~-ray spectrometers and infrarc41 and
submillimcter  imaging instruments. IIowcvcr,  not only must the cooler provide the necessary
refrigeration at cryogenic temperatures, it must also be compatible with the sensitive electronic
measurements associatect  with these instruments. 1 LMI and microphonics noise generated by
cryc)coolcrs  have been an important concern of the cooler user community. While space
instrument vibrational susceptibility has been the. subject of considerable recent stucl y, the
detector and cooler’s level  of electromagnetic compatibility has received much less emphasis.

*4 the clcztromagnctic  signatures of aAs part of the JPI.. cryocoolcr charactcrizat  ion program ,
variety of Stirling cryocoolcrs have bem measured to provide an indication of the level of
clcctroma~nctic  compatibility of the coolers with the host spacecraft and its payload instruments.
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All but onc of the coolers dclivcrcd  to J1’J. for charactcrizat ion was ctclivcrcd with laboratory
linear power supplies; this limits the l~Ml  mcasurcmcnts to the radiated magnetic and electric
field emissions from these coolers. ‘1’he coolers in this category include the BAe 80 K, IIAc 55
K and l]Ae 50 to 80 K coolers, the I lughcs 65 K SSC cooler, the STC 80 K cooler, and the
Sunpowcr Corp. 140 K cooler. ‘J’hc onc cooler with flight e]cctronics was the I mckhccd  SCRS
cryocoo]cr, which was delivered to JP1. for space qualification testing. The 1,ockhccd  SCRS
fli~ht cryocoolcr and electronics provided the first opportunity to obtain liM1/}lMC  data,
inc]ucling the conducted power line emissions and tllc conducted power ]inc susceptibility, on a
long-]ifc  space cryocoolm with flight electronics.

CI<YOCOOIXR lCl,lLC~’ROhlAGNIYJ’IC  STRUC’J’UR1;

‘1’hc ftcxure-bearing Stirling cryocoo]er is a mcchanica]]y  resonant system that operates much
like a loudspeaker. ‘J%c spring flcxurc-suspended piston assemblies of both the compressor and
clisp]accr  arc driven via a moving coil in a permanent magnetic field (l~ig,  1), Mechanical
motion is gcncratcd  by applying an altcrnat  ing currc.nt through Ihc coils at the drive frequency,
typically around 30 to 60 IIz. l’his frequency is C]1OSCI1 to optimize the thermodynamic
performance of the cryocoolcr, and Ihc compressor is then tuned to bc near mechanical
rcsonancc at this frequency to maximize the drive motor efficiency. In contrast to the
ccmq)rcssor, the displacer is primarily driven by the pneumatic pressure wave from the
conqwcssor, with the linear motor used to control tl]c stroke amplitude and phase angle relative
to the compressor stroke. Electromagnetic position sensors (generally having excitation
frcqucncics in the kllz range) are used to monitor the position of the linear drive asscrnblics.

‘J”hc magnetic structure of the compressor and displacer produces a magnetic dipole field having
a 1 /1{3 dcpcndcncc with radial distance away from the cooler; back-to-back units, designed for
vibration control, produce a magnetic quadrupo]c field having a corresponding 1 /R4 clcpendcncc.

Most space cryocoolcrs are clcsigned to bc clrivcn from the spacecraft 28 Vdc power bus via an
electronic invcrtor that converts the direct current into the alternating current required by the
drive motors. ‘J’hc sinusoidal current drawn by the linear motors at their 30 to 60117, drive
frequency results in a large input ripple current at t wicc the drive frequency; this corresponds
to full wave rectification of the drive current. I’hc magnitude of the ripple current is invcrse]y
related to the operating DC voltage, and proportional to the operating power. It is difficult to
significantly filter this primary ripple current bccausc of its large magnitude and low frequency.

Most cooler cirivc  electronics for space application utiliz,c  pulse-width-modulated power
converters (PWMS) to synthesize the sinusoidal waveform with maximum efficiency and low
harmonic distortion. 1 lowcvcr,  a drawback of the PWMS  is the I\M1 associated with their
switching rates in the tens of k] Iz. ‘J’his liMI tcncls to adversely affect adjacent sensitive
clec.tronics  unless properly filtered and shic]dcd.

‘J’hc cryocoolcr and its electronics must not only p] c)ducc low ICVCIS  of liMI to bc compatible
with its surroundings, but must also withstand similar levels of 13MI from extcrna] sources such
as other coolers. ‘J’his  subject of IIM1 susceptibility is particularly important bccausc  many
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sJJacecrafl  arc specifying a separate “d irly” powel  bus to operate the coolers; this leaves the
“clean” bus for the sensitive spacecraft science ins[ rumcnls. In addition to voltage and current
ripple on the power bus, t ransicnt imt tumcnt power-ups can produce voltage spikes or draw
down the voltage available to the operating cooler over short periods of time. The cooler and
clcc.tronics  must bc able to main[ain normal operation without malfunctioning under allowable
Icvcls of input ripple and voltage transients.

l{l.}lC’J’I{OMAGNItrJ’IC COMPA’J’lBII.ITY  ‘J’JHrJ’ FACI1,ITY

Cryocoolcr  l~MI testing at JPI. is conducted in the J]’]. EMC Test 1 aboratory,  which is used for
tcs[ing all JPI.  electronics and instruments for space missions. liM1/J~MC  measurements arc
performed in a steel RF-shielded room (I;ig, 2) with the facility electronics and cooler ground
supporl electronics (GS1;) located in an adjacent room. ‘]’hc Cryocoo]crs  (and ftight  electronics,
if available) are placed on top of a copper-laminate.d table which serves as a grouncl plane.
Cab]ing  from the GSE to the cryocooler/flight electronics is made via a bulkhead plate between
the rooms. Any unshielded cabling is sheathed ill aluminum foil and grounded to the copper
]aminatcd  table top to minimize any COJltribUtiJlg  radiation. Coolers arc operated at nominal
conlpressor/d  isplaccr  stroke for rad iatcd magnet ic field emission mcasurcmcnts. 1 iMI data arc
obtained both with and without the cooler operating to measure cooler-contributed 1 lMI rclat ivc
to ambient background levels.

Ill,l;C~’ROhlAGNllTIC  COhll’A~’lllll,lrJ’J’ MItASUREMlcNTS

I)C Magnetic Fidd

Most compressors and displacers use permanent magnets with iron pole pieces to provide the
magnet ic circuit for the drive motors. “1’hc resultant IIC magnetic dipole field falls off
proportional to 1 /1{3 with increasing distance away from the cooler body. ~’he 1X magnetic
field profiles are typically measured along the length  of the cooler at a particular radial distance
fronl the cooler ccntcr]inc, and as a function of rat] i at distance away from the compressor or
displacer ccntcr]inc, Measurements arc made using ] ]a]] generators that are zcroccl with t]le
]~ar[h’s  magnetic field so that the ]Iarth’s fic]ci  contribution is not inc]uded  in the measurements.
liigure 3 shows typical radial and tangcntia]  IJC magnetic field components at a distance of 25
cJn from the axis of a back-to-back Stirling conlp  Icssor assembly; these are for the I mckhecd
SCRS cooler. l:igurc 4 shows the classic 1 /1<3 dcpcndcnce of the magnetic field as a function
of distance from the end of this compressor.

Radiated AC Magnetic Uicld lhissions

‘J’wo sets of AC magnetic field measurements arc typically made: 1 ) at a 7-cJn distance,
corresponding to the MI] ,-S1’1)-461 C Rl~Ol test sJ~ccificationS,  and 2) at a 1 -m ciistancc,
corrcspoJldiJlg  to a MI I .- S’1’D-461C ]{1i04 test method. ‘l’he measurements are made using a
standal”dizcd ~7-turn  loop antenna. ‘1’hc 7-cn~ measurements are made along the spindle axis,
7 cm from the casing of the compressor and displacer units. The cryocooler  compressor and
displacer spindle axes are gcncrall  y aligned parallel so measurements of one unit have a small,
bul discernab]e  radiation component caused by the other unit, c.g, a compressor measurement
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typically includes an approximate 3-5 dBpT signal from the operating displacer.

Conqmssor  radiated magnetic field emissions. ‘1’hc 7-cIN measurements of the radiated
mag]]ctic field emission ICVCIS  for several cryocoolcr compressors arc shown in l~ig.  5. The data
arc p]ottcd  in decibels ahovc 1 p’1’; the breaks in the measured data arc duc to changes in the
amplifier gain and spectrum analyzer bandwidth sct[ings. Note that the radiated magnetic field
emission lCVCIS for the fundamental drive frequency arc typically in the range of 140 to 160
dllprl’  (O. 1 to 1.0 gauss) at 7 cJn; this is somcw}lat above the current Ml] .-STII-461 C
specification. After the first three or four har]nonics, the ICVCIS  rapidly drop and reach
background anlbicnt  lcve.ls above 1 k] Iz. ‘1’hc radiated magnetic emissions observed above 1()
k] lZ arc the emissions at the 37.5 -k]lz  harmonics of the PWM ciriving the 1 oc.khccd S0<S
compressor.

As all example, Fig. 6 presents the radiated AC magnetic field emissions of the I nckhced  SCRS
cooler at the 1-meter distance. Again, the radiated magnetic field prominently displays the first
fcw liarmonics of the drive frequency.

l)isplaccr  radiated magmtic  field emissions. ‘1’hc small drive motor on a typical displacer
results in lower radiated magnetic field emissions than arc seen from a typical compressor,
Radiated magnetic field emission levels at 7 cnl for the first few harmonics of the displacers
tested at J]’]. arc in the range of 120 to 130 dllprli. 1 ixamplc spectra for several representative
displacers arc shown in l;ig. 7.

AC Magnetic Field Compatibility ‘1’csts

A germanium ~-xay spectrometer was integrated onto the disp]accr  coldfingcr of a
1 ~ckhccd/I  mcas 171 OC cryocooler  to test the applicability of coolers to high resolution
spectroscopy in multi-year space-based science missions, The detector is particular] y susceptible
to capacitance changes bctwccn the gate lead to the c.ryogenically-coo]cd  l~IW prc-amp and the
high voltage supply, and minute motions of the .gatc lead can cause signal degradation. Tim
detector’s energy rcsolut  ion was monitored using two standard kcV-level ~-ray sources. The
energy widths of the signals were compared for conditions with the cooler both operating and
non-opcrat ing to dctcrminc if the cooler-gcncratcc] 1 {Ml and microphonics noise would cause
degradation of the detector’s sensitivity. The detector signal showed no signs of spectral
broadening, indicating the spcctromctcr  was not affected by either the displacer vibration or the
I}MI.

Radiated ltkctric l’icld lhnissions

Radiated electric field emissions arc measured using MI I .-STIY461  C RE02 narrowband and
broadband electric field emission specifications. Mcasurcmcnts arc conducted at a distance of
1 meter from the geometric center of the cryocoolcl. Several antennas arc used to measure the
emissions up to a frequency of 10 G] Iz, Disc.ontinuitics  in the data arc changes in the antennas,
amplifiers, and bandwidths used to cover the different frequency bancls.

] ilcctric field emission mcasurcmcnts  for coo]crs  driven with ]incar laboratory power suJq}]ics
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show no significant emissions that cxcccd  MI I .-S’J’1 )-461 C 1<1;02  specifications. Spectral peaks
that cxcecd  MI] .-S”1’11-461 C RE02 specifications arc invariably ttaccd  to the GSlj,

l~xanlplc  electric field emissions for the 1 mckbccd SCRS flight cooler and flight electronics arc
shown in I:igs. 8 and 9. Mcasurcmcnts  were conducted under different operating conditions to
distinguish bctwccn actual cryocooler/flight  electronics emissions and emissions due to the ncm-
flight ground support equipment (GS1l).  It was found that most of the emissions were duc to
the CiSli. Neglecting these, the only significant electric field emissions radiating from the cooler
were at the 37.5 kllz PWM frequency and its harmonics, and at 28 Mllz  (thought to bc the
master clock signal from the flight clcctmnics).

Conducted Emissions

Because of the lack of flight electronics from other manufacturers, conducted emissions
measurements have only been made on the I mckhcccl  SCRS flight cooler, The SCRS cryocooler
+-28 Volt power lines were tested for ripple cu]-rent emissions in both the narrowband and
broadband frequency spectrums. Mcasurcmcnts were conducted on both the high-side (positive)
and return (ncgat  ive) 1 incs using a current probe. A line impcdancc  simulation network ~’as
inscr(cd in the 28 Volt line to closely simulate the spacecraft bus power impcdancc  (l~ig,  10).

]Jigurcs 11 and 12 are the narrowband and broadband conducted emissions profiles on the
28 Volt active (positive) lead, The specification line is that of MII.-STD-461  Cl~Ol  /03. The
harmonics of the 56-I IZ drive frequency arc clcar]y observable, So too arc the harmonics of the
compressor pulse-width-modulated power convc~ tcrs which arc switching at 37,5 kI Iz. l’hc
return (negative) lead current en~ission profiles have identical emission levels for the cooler drive
harmonics, but have emission ICVCIS  20 d}~ higher for the harmonics of the 37.5 -kllz PWM
switching frequency. Except for a fcw over-spcc  peaks at the 56-1 IZ second harmonic, the
power line ripple in tbc active power lead is within specification at most frequencies. In the
return (ncgat  ive) lead, emissions arc most noticcab]y  above the specification at harmonics of
37,5 kllz, Although the active and return broadband emissions both show out-of-specification
conditions at 37.5 kllz and related harmonics, the emissions arc purely narrowband, and thus
should not bc considered as broadband emissions.

Voltage and Current Ripple Test Results (Time Domain). The time domain voltage and
current ripple were also measured on the 28 Volt power 1 inc with the 1,ockheed  SCRS cooler.
At the input to the cryocoolcr  flight electronics, the ripple voltage measured 1,32 Volts pcak-lo-
pcak (l~ig. 13). The time domain current ripple measured approximately 7 Amps peak-to-peak
and is shown in Fig. 14, These high ripp]c  levels being rcftcctcd back onto the spacecraft bus
arc an inccntivc for providing a separate “dirty” bus for the cryocoolcr.

Power-b Inrush Current/’J’ransient Volt agc (Time Domain). ‘1’hc 1 mckhccd S C R S
cryocooler/fl  ight electronics was tested for inrush current as WC]] as t ransicnt volt agc when the
unit is switched from OIT to ON. A switch was inserted in series with the active lead, bctwccn
the cooler and the line impcdancc simulation network (lJig. 10).

I/iSurc 15 shows the inrush current profile and the voltage transient created when the flight
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electronics was turned from 0]71;  to ON. A peak inrush current of 6.4 Amps was measured,
with the transient lasting approximately 40 mscc. ‘1’hc voltage transient is also recorded on the
same plots, A peak transient of 0,7 Volts was measured, Note that the spikes occurring before
the initial turn-on transient are caused by the switch bounce and should not be considered as
being parl of the turn-on voltage transient. It should be noted here that after turn-on, tl~c
compressor and then the displacer were enabled, but no rcflcctcd voltage or current was
observed.

Conducted Susceptibility

‘1’wo susceptibility tests were conducted on the 1 ockhccd/I  .ucas SCRS cryocoolcr’s  flight
electronics 28 Volt power input. Negative and posiiive  voltage transients were injected on tllc
active lead via a transformer coupled method, and a sinusoidal voltage ripple varying in
frequency from DC to 100 kllz was il~jcctcd  on the same power lead, again using a transformer
couplc(t  method. ‘l’he sinusoidal noise was injected inductively using a current probe clamped
over the positive lead, immediately af[cr the line impedance simulation network,

A 300-1 IZ negat  ivc-going  transient of -28 Volt zcroto-peak  was injected on the posit ivc power
lead for approximately 5 minutes. The 300-IIz transient was then reversed in polarity, but its
amplitude set to +-14 Volts O-p. No anomalies in c.ryocoolcr  operation or performance were
noted. A ripple voltage of 1,6 Vp-p was then il]jcctcd on the positive lead for frcqucncics
varying from DC to 100 k] Iz. Again, no anomalies were observed in the cryocoolcr  operation
or performance.

DISCUSS1ON

Spacecraft instrument interface requirements place limits on the magnetic fields emitted from
science instruments to insure that magnetic fields (io not interfere with the operation of other
spacecraft instruments, nor produce significant magnet ic torques on the ova-at 1 spacecraft, The
100-pT (1 gauss) DC magnetic field strength as measured at 25 cm from the Imckhccd cooler
is OJ1 the same order of magnitude as the earth’s magnetic field strength, and is almost an order
of rnagnitudc lower than the magnetic field strength of the magnetic torqucrs used on many
spacecraft, 1 lowevcr,  this level  is potentially hi~h enough to cause concern with sensit ivc
spacecraft instruments,

The radiated AC magnetic field emissions from typical cryocooler  compressors at a 7-cm
distance are at modest levels at frequencies below 1 k] 17,, with the first three or four harmonics
rising above the MI1.-ST1J 461 C specification. ‘1’hc radiated magnetic field emissions at the
1 mckhccd-1’WM switching frequency were also SCCJ1 to be above the MI] .-S’1’1 )-461 C
specification. ]Jl genera] for the various coolers tested, the expander radiated magnetic fie]cl
emission levels  for the first few harmonics of the drive frequency are found to bc 10 to 20 d]]
lower than those of the compressor.

The rcsu]ts  of the magnetic field measurements indicate that some level of shielding with nm-
mctal (perhaps 0.5 to 1.5 mm thick) will be rcquire(i  to lower the AC magnetic field levels to
bc]ow the Ml] .-S’I’11-461  C specification. The thickness and geometry of the shielding will
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dcJmKJ cm the number of coolers requircct on the spacccraf( an(l how they arc configured. A
modest mass pcna]ty  may bc imposed OJ1 the in.strumcnt  by the rcquircmcnt that Ihc shicJd bc
made thick enough to facilitate tJ)c necessary shicJding and have a fundanlcntaJ  vibration
frequency high enough not to couple into the cooler vibration harmonics.

The radiated AC c]ectric field emissions from the 1,ockhecd flight cooler and electronics that
rose above the MI I .-S’1’11-461 C specification WCJC  found to bc duc to the PWMS in tl~c
comprcssorc  drive circuit, and duc to the master clock in the flight c]cctrcmics.  If required,
cJcctrostatic  shielding can bc placed around instrLmlent  c]cctronics  to rcclucc  the lCVC1  of
capacit  ivc coupling of the electric field to the clcc.t  ronics.

‘J’hcsc initiaJ mcasurcmcnts  of the COOICJ’S  radiated magnetic and c]ectric ficJd emissions provide
the nccc]cd data to make estimates of the ICVCIS  of induced voltages that may bc coupled into the
detector signal. ‘1’hcsc estimates can bc made using near-fic]d, conmon-mode coupling
cqualionsG. Assuming an operating coolers ]ocatcd 20 cm from a detector, the magnetic flux
dcnsit  y at the fundamental drive frequency and 37. S-k} IZ electric field intensity at the detector
arc cst imatcd to be 8 p“J’ and 0.0006 V/m, respect ivcJ y, If, for example, these fielcl lCVCIS arc
imposccl on a 10-cm ]oJlg LJ1lShiC]dCd  twis[cd pail of leads having a separation of 1 mm, the
induced voltages will bc on the order of 10 nV for the magnetic field emissions, and 0,001 nV
for the electric field emissions. ‘1’hesc order-of-magnitude va]ucs for the induced voltages are
quite sma]] and arc probably to]crab]c in a]] but the most sensitive applications. ];utLlrc
intcsratcd  detector/cooler tests will have to bc conc]uctcd  to determine final shield ing
rcqu iremcnts and insure c]ectromagnct  ic compatibility.

‘J’hc results of the conducted emissions mcasurcmcnts  with the ft ight electronics show the larg,c
ICVCI of voJtagc and current ripple that the cooJer reflects back onto the spacecraf( power bus.
The inclusion of a “dirty” bus for cooler opcraticm on the spacecraft reduces the risk of
degrading flight instrumentation operation and measurements. The robustness of the I ackhccd
cooler and drive clcctro~lics  to power-line conducted emissions and powcrJine  voltage tramicnls
and ripp]c has been demonstrated. Powerlinc transients duc 10 the cooler operation shou]d  bc
of minimum concern bccaLlsc normal cooJeJ” operation uses soft startups whereby the cooler is
powered up slowly until the piston stroke is increased to its operating amplitude, In addition,
the drive power required to operate the cooler increases slowly from about 50% of full power
to fu]] power as the cold-tiJJ cools  from ambient tenqJeratLlrc  to 55 K.7

l{arly I~MC tcsling provides a sensitivity check on the gcncratcd  IIMI lCVCJ  and indicates whether
mu-lncta]  shic]ding  or c]cctrostatic  shic]ding  is rccluircd and sufficient to insure HM1 lCVCIS arc
COJllJlatiblC  With SpaCCClilft  illstrumcnts.  ]%n though the Jow frequency radiated magnetic fic]c~
emissions are above the MI I.-STD-46l  C specifications, the estimated EMI-induced voltages arc
c]uitc  small and may bc tolerable in all but the most sensitive applications. The successful
compat ibiJ it y tests with the integrated ‘y-ray spcctronlctcr/cryoco  o]cr suppor[ this conclusion.

‘J’hc ] ,ockhccd  SCRS flight cooler provided the first opportunity to obtain IiMI/liMC  information
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x-cgarding  flight electronics. Measurements of the magnetic, electric and conducted emissions
showed some drive frequency harmonics and I’WM frequency harmonics to bc above the M 1 I,-
S’1’1 )-461 C specifications. The prevalence of the high emissions ICVCIS  from the I’WMS in all
radiated and condLlcted  emissions mcasurcmcnls suggest that additional line filtering or circuit
board shielding is required to rcducc  these lCVCIS, ‘J’hc extent that these high levels will interfere
or degrade the signal of the intended detector is not known, and will not be known until
integrated detector/cryocoolcr tests arc performed. It is not until integration into the spacecraft
that sys[cm level EMI testing will reveal the amount  of mu-metal shielding or filtering that will
bc ] cquircd  to protect the host spacecraft or the a(ljaccnt  spacecraft instruments.
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Broadband electric field emissions as mcasuml  at a 1-m distance from the I mckhccxl
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Schematic for simulating spacecraft bus im]mlancc.

Narrowband conducted emissions profile oJ~ the positive 28 Volt line of the I ~ckhccd
SCRS cryocoolcr.

firoadband conducted emissions profile on the positive 28 Volt line of the 1 nckhccd
SCRS cryocooler.

Voltage ripple reflected back onto the 28 Volt power line from the 1,ockhecd SCRS
cryocooler.

Current ripple reflected back onto the 28 Volt power line from the 1 ockhecd  S0S
cryocoolcr.

Voltage transient and inrush current profile crcatcxl  when the 1 nckhccd  SCRS flight
electronics was switch from 01~1~  to ON.



rt’~,.,.:.,.:.:’:.,,.:
..,,  . . . . . . . . . . . . .

COLD FINGER.,.,...,.,.,:,..:::: ~:...,,:.:..:+:W’X~:::::  w,, ~

COMPRESSOR

\\



P
. .

\

/

A“ V’ Ha



1.2

1

0.8

0.6

0.4

0.2

0

-0.2

-0.4

A . . . . . . ..i..\  . . . . . . . . . . . ..\  . . . . . . . ..i . . . . . . . . . . ..i . . . . . . . . . . . ..i . . . . . . . . . . . . . . . . . . . . . . .

_ . . . . . . . . . . . . . . . . . . ..w . . . . ..i..  ~ ~ ,

. . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . ...+.. . . . . . . . . . . ...+....  . . . . . . . . . . --

*.““”””””\”””””””””””””:”””c . . . . . . . . . . . . . . . ..i
. . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . ...4 . . . . . . . -----

. . . . . . . . . . . . . . . . . . . . . . ---- ..,... :--------

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . .

[

w10 20 30 40 50 60 7 8° ‘0 10

Distance Along Co sor, cm

o



0
m

0
Y--

0

E
c)

-.

CL
E
0

u.-

n



I———..——-. .——
. . . .
-—

——

-—.

--—

-(

IIU1ll,

. ;:;$,.++:

~.~~:..:f1
“. :1”:- ‘=1 ‘-- ‘“”. -.

1 E“::.3_.——.

— .. —-
-—. ——. —..

—. ————

—---..— —-. .—— ——— —.———.—. —— -._—__
— ————— -..

— -—. . —.. .- .- —-—
Cil

y

.——

_:ikidi
-“-”’t-----’-  ““-j-”----

1
JfJ— -
3
.-n

+:,,- ---‘=..*-“--
——.— .—. .-. —.

c - G :.

——

— — .

.— —- .-

—_. .— . —  -

.——.

>
=l=w--

— —.
I -.

, .— .———

:1  Y
I

x. -—. —.— — .—— ——

—

m
.4

-.

— —-

—.

—

‘“””‘-ma—.-——.
lL1lllU .111111111 .ULLU1lL  lULU till LuuLlu UulL



.—
—

.— —-- ._ .._

.—— - ,—.

.-— —

. . —..—. ._
-—- —_

.—

—__ _

.-—

.— _ ——.

..
——. .-——

..—

—.
-.——. -.

~

-——

——-.

.—, .—

-.—— .——

,--. —.—  __

.llNmuduuw

m
m

::’‘‘$--f+,,1
.--. ———- —— —— -—-—-— ..— ..—-..—. .—___

.-.–J —... . .
.— — -—

— .—-. —. .—. —. ___ .

.— ___ ____ . . . . . —..—— _. __ __

——.  . —.. .—. —-— —. — . . .. L—  —._  __ __

.
—.-

____ __ ___ ___ ___

=t

—-. -—

—

‘---–t--
-— ._ —._ ——. .—  ___ _

—

— —.. ——_

—.

—

II
—

!
I

ii ‘-T
I

t

—

—

—

——

—-
—

I

[
—-

.— —.
.—-— —. . . _

—.. .

——.— . _ _ _ _

ci)6)51cil &l&l&l &)~

wmRJ.Q~ ~fi~
..-4  --

j“~‘~~
..-— —— — .— —_.—— —--- —- .—— ——- —.——— ——-—. —..-——..— -..—.——.. . —.—. —— —..

h

- . .  —_

——

J’
.
——

3

—t---- -—-——
,— 1

.—. ———
—. <.—

.—— .

ISI
In

‘ - “.j 1“1-. ._: ~,—.
-. +- ___ . . . .

+-+

--.———-  —
.—

J’-- ‘
—-—— -—1—- . .

In

m
——
—_ ———

— . . -.-— _ .
— .—. ——

m
g—

T
>,If (s)

-  ‘;
:C

?T
-1-

\/

al “
L h
+ (.)

c
<

> ---% :
: a)

m L

cl—.— ~ LL.

? ,

(u
Q Cil

—a

—

— ,.—

.

(U6
I



(n

m
in

43.— -——

q“ ‘---3:q~’~$~q;:k;#-[I:::Gq3q?: =!----, Ei5----- –
.- —..

-_+.- – —-l-_

. .-..=+ -____.__j —-. ___-/.. -._y_-._.. ____

‘– —-[—- “—-” -----’---------,  -- ‘+--.–..;–--,–...l—.j–- - —-.

11----- _ ,:_l_ . . ..~ . . . . ..~  . . . . . ..~ . . . . . ..l.~ . . . ..1..+ . . . ..L..l . . . . . -----
‘----I

I i i ‘[\----l ------ +-~11“-------f ‘--”-”-i- :~“‘ ;‘; ‘
--—+ -–-— -- —— — — . . —l—— I—-  — - 4  . - – - - —  - . — .  — ——. . — — –  _ _ – _  .  .  .  - - -  – – _ _ _  .  .  .  .  _ _ _

—- ——

——.. .—. _ _ _

i

_;_-;.  .  .  .  .  .  ~ ~ $1 _
— .—— ---— .-. —.

—— .. —- 4- ——
‘“t—-— ------1—:  — ‘=—-

7
7

j
==G=  “=:”,--+–= — ‘— -—.——— . .._—

-H-—J...  — _
_j.._l - —- 1-i– 1- --+ --”---/- .---!- _+_._: ___J~

—-- .:.=

4 ‘::?~ ::~
j J—— —.- _ _-~ ! m

_7_-–-f
+- -- -

+

—- &
i

--l
i

t

3

—.-. - --- —----, - --!---~— -— —.— -- -——+—— .- - .–--l--— —— -—

+-“&

-—— -_ .—— -— .—. -
1- -

~’1

~ ~
—.

——. -——
-1

m=–-~ ‘– T

1:-:&~>3 ; -“:j

U
y l’~ :

=q 1*4.::”:+- . “i--––[

3&., L7&f~ ,! :. ~‘:‘

.- ..— — ---— -—
—— — –;++~--  ~ “ ‘–-j–—
—

‘ “i I

.

- Cil
.-4

w

---

- ——
-.——
-—

L

?) ‘:;‘1-‘“ ‘‘
.— — .- —j—. .——. —____ ___ . ___ .—— —— —-— .-— . . . . .-.. _ —. ——. .—. — ______ . . . . . . ___ ___ __— .-—— ___ ——. .— —— —

i “
uluu~ uulIuL,

.
m61c91a61&llg aa~a
lnwrJN-+&l ~(JJ~~~*  ~~+

.
N



.

—— _.. ——. ., ..—. — ..—.

I

—--- --—- + —––––  :

—.. -

~-.

I I I , “-”---l

~ ‘r
—+ ;’

i4< ———i-==:+~_~+>:>~  ‘-—— :-- –::
— d—+

+ - - -

—
---- -j ———–—- —— —.-:
.— . —

i R,

—

I I I 1/1<1 I

(s)

w
Q

--j----Tpm
~::::’i::~~n:j’::::’?----------  .-.--...l-.--.,-l:.-l&-
-, !.....~--I _ _..=-. -
~ ---- -–- –--–——  ——--j _ .-

1
I

J —:: _
y“

. —

3
---= ..__ _——— -—— —.—.- —.— .—— .— ——— . . . . . . —..——-..——— .—

j,jFj—.—— — .— :..AT-qz:.= =---j -—.. ——. .— .- —.~. ------- :== ~----”—”
&

4 71—+:: =-. ——— .- -.
“--”--”l” j—’––--~–– &l ‘––

i-- ------ — -..

I
_ —..

1(-- ‘, I 19. . . .. —-—.
1 I

-. ____________ ; __.-.
1 I 1 ‘- 1 L.* ‘m111111111 111 J1lAIL  11 L111L14111w1AA1  111,11111 1 LILI1l 11 111111111 lU1lllUIQIMILJ.

CQ
(n

(N
v

CQ
WI

6)
RI

N
.4

Csl 6) ::
(-u

I I

/>
o
c:
a)
3
cJ-



L..LU7(2 1s3 I I

F-’-/[..— — q~k?+j;?j”’’”’:_———-—— .—.
q..-_::T_____:?___ ‘1. __-.. “::j::_._;::_~:_- :x ~––.–=p-+---- .--;- .– . . . ..JL.. --- __it,!L‘A-. ‘ ‘

I
>i!~

— ~%—— I—-. ——— ——. . . -- I
- .=::= ::I.--I “—+--—:l;-—— “ :-i- -— --–1 --.-—.g=={—— . .+. . ..—. <—_... .–+— —+ –

01

(s
-,

9

E. ‘:
?)

—

-.

r-
ciln—
‘N

. 1— T
L

w

&
>

L). .; c
< a)
mc 3

D
: a)

co L

—. — fJLl_— -+___—_

_ -—
~ - . .

g–. . .

—.

in
Csl
-_——..

—

—



-l”

c
UJ

&
o
0
y
a
c)

b
4

:Ci? C&
4

(5

t--

UN

Jim

-i

II II II II

B

u)
:3

c1

cm
K, ,-
4A

cd.-
:3
E.-
Va

0,-
5
E
.:
(8

Cil
i i



[.:7::‘::,:;-=4
.-— —— ..— .--— —— — —- -.—..—— . . .— — —— —.—.-. — .——.—— —- ——..—— — -— ———— —
——— . --- ---- —- . . . . . . . .
—. -—.. — .—— . .—— —— ————. —..—. - .—— — ----—..—— .— .--- —..—. —... —..——. ——. _—— _—.—— ——.—— . .

——- ..— ———.
[ —— ,_ . .—-—
I .  ..-.

I ..-.
[ 4——

-=

I
,-1

Zl!! ,-ii<~:
—. .. — -—. -.

al
z
w

—
=t– -— ..—

t-—t—-–t–t––+––t––t–––r––––i–  I

!——-+--+-+---t---i-----h+t--t---i-----

EE!3<z:~~;;=3-- 3
— .——- .—— .—. -

.— — —. ..—
A_

-._.. —
—

+=1+1---‘1--- =F=l
-..—. —. —..—. ———— .————.— ..—— —— ..— —. .—- —.-— — —..— — .—

“s ID

—

“y ~~ I-—. . —. ——— -- E——— m—— _. . —

IK-;:
———.. —.. ——. —

. .

—‘-7 .
+

— .—
—

—

——

,.

.

DJ
.

m
1

.—

.—

+J

—:.s=
c
a

.- :43 ‘-, —=
I

1 . — .

i I

,.

-4-

C9

! ! U2
-.—

1 1

1. .

——

[ 1

----t I i

ml

Q

u



1
—.— — .——
—.. —-. —— -——
——. ——..— - —— —
_&.. .— .-. —.. —

. . ..— — -—— -— --———

——.—.. .-— ———- -.— -

..— —— —— ..— —.——  — -—--

—-. —.—— — —...—. .—.

—.-. _— ——- —.. ——

———- .— --—.—— .-—

————. ..—

———.—.———.. .—

—— --— —..—

_—— — —

—.— ..—

— ..—

——. .—

——

—.—

—

—-. ——.. ——.—

.—.

c

——.—.. .-
/

/

/ <

_—— .
/

.~

_—— . . 7

/

— $“

.LU1UIJ.1-11mLILUuluuAu Lul.ulLuLuU

.—. —

_——
———

——

[

——

C9mcsl 6)5)(9
w- m RI - mm

+ -“---- ““-””--
---—-  I ----4— ----

-“--+ 4-—— -.—————— —— -.—

‘--:-;’
_.— ——... ..—. . . - .—. ——
—.

———
=+=

—-- .-—

— .—. —.—

____+--,_.._
—_.__—J  —--------&  ---- .—

=H sf’___
Cn

&

---l--E-
-l-J-.<——.—.
-—++———

-.—-

-
.. —. —-

=i=t=l=
----f--~---l

7 El=
——

-J---l-
LLt-- I

.—

=14444=
-—-t-t  “~—

T ~~
————-———- —- -—- -—-

-—

-.. —

_ .—

JLLw,L..L..~u

—

—
—
—

.

—



.Y
n >

I C3
-: ml
m~._ .——

[.l” ‘“T ‘--
I
I
,.-

.—— ——.. —

1.

_—. -

+4-++

——— —— .-..

_ _ .—.

--1 ...1 J .1

,..7.

_—. . .

_.

4+

___

—.——

1.

%,-T- ,,-,-,..  .,_,

H.---- ——–= .--- —.. ,.. ,-.

-—

t

——.

— ._. __ ——— — —.. ..—.
I 4-

————

I _______ e

—

--LA---
: ----––+—---–  -—i - ‘- -

“--R-”
.1-.1 1 .1-.1 - 7 7 * - L  -1 1 1

T- TIl–

I

--T– T-.,..,.

I
I

+

- — — .  _ _

_—

——

. _—— —. .——..—— —— ------

T
—

-t--t-l

1—.. —. ——-— —— ——
I

-’*

T———

--T , ,..7 .7

—..

—-. .
1

_ — — .

i

4-+d

—-— ————
E
,{-.— .——.

————

~ —= —__ ——

-.9-’:‘!---1.111 .1 1 .1.1 -&. l .1.1–J



~-., -, .,-,

1-----”””1 ..1 J-d

~–,.–,  ,.. ..T ., .}=

----+-{--”~
DL_.1 1--1- .–l , , .-,.
_.. .—=-_ ——-

_______ .- ..__
–;>—.—-

-——— — ~_>–. -—. —-—.- .—.. -–
—-

------a===- -
--=J-=+f-

j~+

~.>- .—... -——— . .~_._.. -—... -——. _
.-1

+-H =f-+t- ‘=f “’F++ =+==+++-
_— - —  —

.— _

-;..-d

.—~

..—

%’;

.—— - ——. __.: :-—4=>—._—
— — — _ -

--->

7 {
—. . .~-—. ..— ———-t —— —

. . . ..~$-+ . . . .——. . — -—— -——-:>_—.— __ — — -~_____ — .-—— .—. -—.- ——.— - ~:-9-_—.- _

2=----—-

..,.. , ,

—-—

—

1 I I

——

.4 _.1..l

l-l– 1-1-1

——

j;>

.-1 E
<3
Q-

,P-1

---i

I

‘>
, ~.-

J.’U
--lIul

jE
_ 1:— iml

p’.—

1
++++——
1_——_—. .—— —-

1.1 A-.1 .1



● ✎

.

~-11-

t .

t“-–——

l...-....i

.

k_—. _—

~—

—.

—-

4–

—----

>

. .
-

—

-1

., _,...T. T– ,..l

--------1—- . .
—.

-1-

—

-—

*-T.

——-

+44

. ..1..‘4--I 4+-

—. . .— —..

----i---

.— .- -——_____

““”d------”
Q-
\
dE:
;:

-1 .1.1 —J t 1. 1

–,–. , .-T ,

.-

———

———

— -—

4+4+

-————

.—
‘—

—

1 1 1 ...

‘>+-PI

/

>.-c—.. . ———.-=
.lJ. .1—1.

I

–1

. . .._y

qr-

1SL)

----i  m

j-l
I


